We report on a high pulse energy, narrow-linewidth, Q-switched ultraviolet (UV) laser at 355 nm from the third harmonic generation (THG) of a 1064-nm Nd:YAG master oscillator power amplifier (MOPA) system. An output of 37 W at 355 nm was obtained with a pulse duration of 32 ns and a linewidth of ∼2.5 pm. The beam-quality factor was measured to be M 2 = 1.24. This is, to the best of our knowledge, the highest average power for a Q-switched narrow-linewidth TEM 00 UV laser at 355 nm. Meanwhile, a multimode laser rate equations model was used for theoretical analysis on the linewidth and pulse duration of the fundamental laser oscillator for the first time, and the calculated results agree well with the experimental data.
Introduction
High-Power ultraviolet (UV) pulsed lasers have been in great demand for many applications, such as in industrial, scientific research and medical fields [1] - [4] . Compared to other type UV lasers, diode-pumped all-solid-state pulsed lasers with extra-cavity harmonic generations intrinsically possess advantages of smaller focused size, higher efficiency, longer life time, higher stability, easier implement and smaller system footprint, etc. [5] .
A common approach to obtain pulsed 355 nm lasers is based on the third harmonic generation (THG) from the 1064 nm fundamental lasers. For instance, a picosecond 355 nm UV laser with a maximum average power of 7.81 W was demonstrated [6] . In nanosecond (ns)-region, a 160 W 355 nm Q-switched laser was demonstrated with a pulse duration of 45 ns and a beam quality factor of M 2 = 18 [7] , and an output power of 103 W at 355 nm has also been generated in TEM 00 mode operation with pulse duration of <58 ns and M 2 ∼ 1.2 [8] , neither of which presents the laser's linewidth. Even Chen et al. declared a narrow linewidth laser to be used as pump source, but the linewidth of the UV laser is still not given out [9] . Some important applications require pulsed laser beam not only with short pulse duration but also with narrow linewidth. For example, with a Q-switched narrow-linewidth 355 nm laser, our group has obtained a 177.3 nm VUV laser source with high efficiency and high power by cascaded second harmonic generation (SHG) [10] . Moreover, such a narrow-linewidth VUV laser can be applied in fine precision spectroscopy and semiconductor Photolitho-graphy [11] . Nevertheless, due to intrinsic high gain when operating at Q-switched mode, it's difficult to narrow the linewidth and obtain high pulses energy with good beam quality simultaneously.
In this paper, we demonstrated a high power, high beam quality quasi-continuous wave (QCW) diode-pumped narrow-linewidth Q-switched 355 nm laser of a 1064 nm master oscillator power amplifier (MOPA) system. A symmetrical three-mirror ring cavity with unidirectional operation elements was adopted for the fundamental 1064 nm Nd:YAG oscillator. A specially designed etalon with low absorption of fundamental wave was employed for narrowing the linewidth. The fundamental oscillator delivered an average output power of 35.1 W with a beam quality factor M 2 = 1.46 and a pulse duration of 60 ns at a pulse repetition frequency (PRF) of 1 kHz. The linewidth was measured to be 9.4 pm. Meanwhile, a multi-mode laser rate equations model was introduced to reveal the temporal and frequency characteristics of the fundamental oscillator for the first time, and the calculated results coincide well with the experimental data. An output power of 122 W was obtained through single stage amplification. Under an injected fundamental power of 100 W, an average output power of 37 W at 355 nm was achieved at 1 kHz repetition rate with a pulse duration of 32 ns and beam quality factor of M 2 = 1.24, corresponding to a nonlinear conversion efficiency of 37% from infrared (IR) to UV. The UV linewidth was measured to be ∼2.5 pm.
Experiment setup
The experimental setup is shown in Fig. 1 . The laser system consists of three parts: a fundamental 1064 nm Nd:YAG laser oscillator, a single stage Nd:YAG amplifier, and a frequency converter.
A ring-configuration traveling-wave resonator with three cavity mirrors was adopted for fundamental 1064 nm Nd:YAG laser. M1 and M2 were high reflective (HR) convex mirrors at 1064 nm with curvature of 1000 mm used for better beam quality. P1 was a 55.6°polarizer with p-polarized light transmission of T p > 95% and s-polarized light reflectivity of R s > 99% at 1064 nm, which was used to select the polarization of the oscillating laser as well as to be an output coupler.
To reduce the thermal load and obtain high output power, QCW diode side-pumped technique was employed. LH1 and LH2 were two identical Nd:YAG rod laser heads [12] , [13] . Each QCW side-pumped Nd:YAG rod (0.6 at.% of Nd 3+ and φ 3 mm × 80 mm) surrounded symmetrically by three 808 nm laser diode (LD) arrays contained 12 LD-bars operating at a PRF of 500 Hz with a pulse duration of 200 μs. Both end facets of the rod were antireflection coated at 808 and 1064 nm, respectively. A 90°quartz rotator QR1 was located between LH1 and LH2 for birefringence compensation. FP was a specially designed Fabry-Perot etalon with a thickness of 0.7 mm to narrow the laser linewidth, and the reflectivity of the two surfaces was 70%. The finesse of the etalon was 8.76. A temperature controller TC1 was employed to control the temperature of the FP etalon. Unidirectional operation of the ring laser was realized by the combination of a Faraday rotator FR, a thin-film polarizer P1 and a half-wave plate HW1 in ring laser cavity, which eliminates spatial hole-burning [14] , [15] . To obtain higher peak power density leading to higher nonlinear conversion efficiency, an acoustic-optical (AO) Q-switch (Gooch&Housego QS027-10M-IB1) was inserted in the fundamental cavity between the M1 and HW1 to generate 60 ns Q-switched pulses at 10 kHz repetition frequency with pulse interval of 100 μs. By the Q-switched mode in conjunction with QCW pulse pumping, there were two 60 ns short pulses in each pulse duration of the pumping, which leads to a PRF of the ns 1064 nm Nd:YAG oscillator in Q-switched mode to be 1 kHz.
Furthermore, the design of the fundamental laser oscillator was based on a thermally nearunstable resonator for the purpose of high output power and high beam quality [16] . The cavity length of the ring laser was optimized by using the standard ABCD ray propagation matrix. The thermal focal length was calculated to be approximately 550 mm at a maximum diode pumping power of 243 W, and the ring cavity length was approximately 2.18 m.
The output of the fundamental laser oscillator was injected into single-stage power amplifier after beam expansion and collimation by lens group L1 and L2. The amplifier was formed by two identical QCW LD side-pumped Nd:YAG rod laser heads LH3 and LH4, which were similar to LH1 and LH2, together with a 90°quartz rotator QR2 between LH3 and LH4 for birefringence compensation. After passing through a half-wave plate HW2, the amplified beam was reflected by a thin-film polarizer P2 and flat mirror M4 (HR at 1064 nm), then injected into the next stage for the THG.
The THG was carried out by sum-frequency generation (SFG) from two stages of nonlinear frequency conversion in two LBO crystals. After beam expansion and collimation, the amplified fundamental beam was focused by lens L5 into the LBO1 crystal for SHG at 532 nm. Then, the SHG beam and the residual fundamental were mixed in LBO2 to produce the THG at 355 nm, beam diameter in both crystals was approximately 2.1 mm. Here, the type-I non-critically phasematched LBO1 was cut at θ = 90
• and ϕ = 0 • with a size of 4 × 4 × 30 mm 3 , and the type-II critically phase-matched LBO2 was cut along the orientation of θ = 45.5
• , ϕ = 90
• with dimensions of 4 × 4 × 30 mm 3 . The temperatures of them were set to be 147.9°C and 80°C by temperature controllers TC2 and TC3, respectively. Finally, the generated UV laser beam was separated from the fundamental and second-harmonic beams by two prisms PR1 and PR2.
Fundamental Oscillator
To achieve a narrow-linewidth 355 nm UV laser, a key issue is to obtain a narrow-linewidth fundamental oscillator. As mentioned above, a FP was used to narrow the linewidth of the laser oscillator. In the following, we performed the experimental and the theoretical investigation on the fundamental oscillator.
The output power of the Q-switched 1064 nm Nd:YAG laser oscillator was measured by a power meter (OPHIR, FL400A-LP1-50). The output power of the Nd:YAG oscillator versus the LD pump power is shown in Fig. 2 . It can be seen that the lasing threshold was measured to be about 144 W. Following, the output power increases approximate linearly with the incident pump power from 144 W to 220 W, corresponding to a slope efficiency of 38%. Afterward, a roll-over effect was exhibited, i.e., the output power increases up to a maximum. Then falls with the increase of the pump power. The drop in the output power was attributed to the thermally induced distortions in the Nd:YAG rod and the associated lensing and birefringence, which results in the laser working into the unstable zone [17] . At 243 W of pump power, a maximum output power of 35.1 W was achieved, yielding an optical-to-optical efficiency of 14.4%. The corresponding single pulse energy was 35.1 mJ, and resulting in a peak power of 585 kW of single 60 ns pulse. The beam quality factor was M 2 = 1.46 measured with a beam quality analyzer (Spiricon M2-200) at the maximum output power. The linewidth was measured to be 9.4 pm (2.49 GHz) by a wavelength meter (WS-7, High Finesse GmbH, range from 350 to 1100 nm, resolution 60 MHz).
The laser linewidth qualitative analysis has been discussed considering the mode competition, saturation effect, spatial hole-burning etc., but its quantitative analysis has not been reported yet. For a Q-switched Nd:YAG lasers, a theoretical estimate for the linewidth and the pulse duration of this Q-switched laser with an etalon can be achieved based on the laser rate equations of the four-level system given by [18] 
where N is the population inversion per unit volume, γ = 0.9 is referred to by Koechner as an 'inversion reduction factor' [19] , c is the velocity of light, is the photons density, σ = 3.15 × 10 −19 cm 2 is the stimulated emission cross section, l' and l are the optical length of the cavity and the length of the laser material, τ c is the decay time for photons.
By extending the general laser rate (1), the multi-mode laser rate equations can be obtained set as following
where j is the oscillated laser mode number, v j = v 0 + jc/l (j = 0, ±1, ±2, ±3, . . .) is the oscillated laser mode frequency, v j | j=0 = v 0 = 2.82 × 10 14 Hz is the laser central frequency. Obviously, v j is a series of discrete frequencies that is applicable in stationary wave cavities. When it comes to traveling wave cavities, v j becomes a continuous frequency spectrum (l'→Ý). For the envelope curve of the spectral characteristics don't change, the two situations make no difference in linewidth calculation. In fact, (2) is a coupled equation set, in which all the laser modes compete with each other and deplete the population inversion simultaneously. The stimulated emission cross section σ(v j ) and decay time τ c (v j , t) are given by
where n = 1.82 is the refractive index of the laser crystal, τ f = 230 μs is the fluorescence lifetime, L(t) is the intracavity optical loss introduced by the laser crystal and the Q-switch. R oc is the reflectance of the output coupler mirror assuming a constant of 0.827, T FP (v j ) is the transmission of the F-P etalon, which introduces an additional loss in (2), g(v j ) is the Lorentzian lineshape function. g(v j ) and T FP (v j ) are given by
where v = 1.19 × 10 11 Hz is the fluorescent linewidth of the laser crystal, r = 70% is the reflectivity of the etalon, d = 0.7 mm is the thickness of the etalon, θ = 1.54
• is the tilt angle of the etalon. With our experimental parameters as mentioned above, the temporal and frequency domain characterization of photon density could be calculated numerically by solving (2) . The linewidth of the Q-switched laser at instantaneous-state can be easily obtained with a fourth-order RungeKutta method. As shown in Fig. 3(a) , the linewidth of the Q-switched fundamental oscillator was estimated to be about 9.35 pm (2.48 GHz), which contains 19 longitudinal modes. Fig. 3(b) depicts the calculated pulse duration to be approximately 60 ns. The simulated results are well consistent with experimental data.
Fundamental Amplifier
The seed beam of the oscillator was expanded and collimated by lens group L1 and L2, and the optimum performance of the Nd:YAG amplifier was realized by making the signal beam size in the amplifier rod to be approximately 0.8 times the diameter of the rod [20] . When the fundamental oscillator power was 35.1 W, the amplified output power versus the pump power is shown in Fig. 4 . The blue triangles were the measured data. The maximal output power was as high as 122 W under a pump power of 345 W, corresponding to an extraction efficiency of 25.2%. The beam quality factor was measured to be 1.61. After amplification, a half-wave plate HW2 and a polarizer P2 were used for adjusting the IR laser output power, which was employed as the THG pump source.
Theoretical calculations were performed on the basis of the Frantz-Nodvik model, which describes the output pulse energy density E out as a function of the input pulse energy density E i n [21] . This model was adapted to diode pumping
where E sat is the saturation energy density given by
is the smallsignal gain depending on pump duration t p , where g 0 (t p ) is the small-signal gain coefficient, that could be estimated as
where η q is the quantum efficiency, η s is the stokes efficiency, η α is the absorption efficiency, η t is the efficiency describing the transfer of the pump beam into the crystal. P is the pump average power, V and f p are the volume of laser crystal and the PRF of the pump pulse. The amplified output power can be calculated by using E sat = 0.67 J/cm 2 , η q = 0.85, η s = 0.76, η α = 0.7, η t = 0.85 [18] , [21] , τ f = 230 μs, t p = 200 μs, V = 1.13 cm 3 , and the injected seed power P i n = 33.34 W. The calculated output power of the Nd:YAG amplifier as a function of the pump power is also shown in Fig. 4 with the red line. It is found that the calculated power of the Nd:YAG amplifier was 127.2 W under the pump power of 345 W. It is observed that the calculated values are in close agreement with the range of the measured power. The numerical simulations slightly higher than the experimental data could be attributed to neglect the amplified spontaneous emission (ASE) effects [22] , [23] in the Frantz-Nodvik model.
Third-Harmonic Generation
The dependence of the THG UV output power at 355 nm on the incident fundamental pump power was measured as plotted in Fig. 5 . It can be seen that the output power at 355 nm increases monotonically with the incident fundamental power, and no roll-over effect in the output power was exhibited. In order to protect the lens L5 and two LBOs from high injected power, the maximum fundamental incident power was adjusted to 100 W, and a maximum average output power of 37 W at 355 nm was obtained, corresponding to a conversion efficiency of 37% from IR to UV.
The temporal characterization of the THG output pulse was performed by a Si-based high speed photodetector (DET10A, THORLABS, rise time <1 ns) connected to a 1 GHz digital oscilloscope (Agilent, DPO 4014B-L). The oscilloscope pulse traces of 355 nm laser are shown in Fig. 6 . Fig. 6(a) depicts the train of the QCW pump pulse with a PRF of 500 Hz. The peak to peak amplitude fluctuation of the pulse train is found to be less than ±5%. Fig. 6(b) shows two Q-switched pulses, suggesting in each pump duration with a PRF of 1 kHz. Fig. 6(c) exhibits an expanded profile of a single Q-switched pulse, indicating a pulse duration of 32 ns.
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High-Power Narrow-Linewidth Q-Switched The wavelength and linewidth were measured with a wavelength meter (WS-7, High Finesse GmbH, range from 350 to 1100 nm, resolution 60 MHz). The measurement results at the maximum average output power are shown in Fig. 7(a) and (b) , respectively. As it can be seen from Fig. 7 , the measured UV wavelength is located at 354.8 nm with a linewidth of ∼2.5 pm. Supposing a Gaussian fundamental [10] , the linewidth of THG-pulse is calculated to be 1.8 pm, which is in close agreement with the range of the measured linewidth. The UV beam quality for output power up to 37 W was very good, which is shown in Fig. 8 
Conclusion
In summary, we demonstrated a 37 W narrow-linewidth Q-switched TEM 00 mode ns 355 nm laser for the first time. The linewidth was measured to be about ∼2.5 pm with good beam-quality factor of M 2 = 1.24. To the best of our knowledge, this is the highest output power for a Q-switched narrowlinewidth TEM 00 mode 355 nm laser. Meanwhile, we numerically calculated the linewidth and the pulse duration of the fundamental laser oscillator by means of multi-mode laser rate equations, which agree well with the experimental data.
